Abstract: Differentially encoding and frequency offset compensating for a 16-quadrature amplitude modulation (16-QAM) vector signal in 60-GHz millimeter-wave radio-over-fiber (RoF) systems are experimentally investigated. The fourfold phase ambiguity issue in a nondata-aided signal communication transmission system with conventional square 16-QAM constellations is successfully tackled based on the differentially encoding scheme. Experimental results show that frequency offset compensation and carrier phase recovery are simultaneously achieved by utilizing the decision-directed carrier phase recovery algorithm. Up to $ AE1:3 Â 10 À3 frequency offset times symbol rate product Áf Á T s is well compensated at the given bit-error-ratio (BER) value of $10 À3 .
Introduction
Millimeter-wave (mm-wave) band around 60-GHz combined with radio-over-fiber (RoF) technologies have received considerable research interests over past few years for its potential applications in delivering multi-gigabit services [1] - [4] . To maximize the spectral efficiency of 60-GHz mm-wave RoF systems, many ongoing investigations focus on the delivery of high-level modulated vector signals (with both amplitude and phase modulated), such as 16-QAM [5] - [9] . However, there are various transmission impairments in such converged optical-wireless systems that limit the performance of vector signals. For example, in the optical domain, it is very challenging to achieve high frequency and phase stability of the optically generated radio frequency (RF) signals due to the limitations of linewidth and intrinsic phase noise of the optical laser sources. Additionally, in the RF domain, if a free-running mm-wave local oscillator (LO) is employed to down-convert the RF vector signals, the frequency offset between the RF signals and the LO is inevitable at such high RFs. Therefore, one alternative and effective way to resolve these issues is to use frequency offset compensation and carrier phase recovery techniques in the digital domain at the receiver side.
The same concept has been adopted in wireless communication, high-speed coherent optical communications, and some RoF communication system [10] - [16] .
In this paper, the digital signal processing (DSP) techniques for frequency offset compensation and carrier phase recovery for 60-GHz mm-wave RoF systems are investigated and experimentally demonstrated. Differential-encoded modulation format is proposed to be used in the RoF system to alleviate the common issues of the phase ambiguity in the conventional square QAM signal demodulations [12] , [14] , [17] . By utilizing the decision-directed (D-D) carrier phase recovery algorithm, differentially encoded 16-QAM mm-wave signal transmission over 30-km standard singlemode fiber (SMF) and free-space (i.e., air) is demonstrated. From experimental results, phase recovery and the issue of phase ambiguity are successfully tackled based on the proposed differentially encoding scheme, which achieves less than 1-dB power penalty after 30-km fiber transmission at BER ¼ 10 À5 . In addition, the constellations are successfully recovered in the presence of carrier frequency offset. Up to $ AE1:3 Â 10 À3 frequency offset times symbol rate product is well compensated.
Principle

Principle of Differentially Encoding and Decoding for 16-QAM
For differentially-encoded 16-QAM, a set of 4 bits are mapped onto one of the 2 4 possible transitions between two consecutive complex symbols a k À1 and a k . The transitions can be expressed in terms of two differential angles fÁ 1 ; Á 2 g, where Á 1 is determined by the first two bits of the 16-QAM and Á 2 is determined by the last two bits [14] , [17] . To obtain the differential angles (Á 1 and Á 2 ), the set of two bits {00, 01, 11, 10} is encoded as f0; =2; ; 3=2g, respectively. Referring to constellation as shown in Fig. 1 , the complex 16-QAM symbol a k can be expressed as:
where b k represents the center of the four quaternary phase-shift keying (QPSK) constellations in each quadrant and c k is displacement vector determining the symbols a k in the quadrant. At the receiver, the rotated quadrant center for the 16-QAM constellation is firstly decided according the following rule:b
where Re½Á and Im½Á denote the real and imaginary parts of the received complex symbol r k , respectively, and signðÁÞ is the signum function. The first differential angle Á 1 can be obtained fromb k Áb Ã k À1 , and hence the first corresponding two bits can be detected by making a decision on angle Á 1 . Once Á 1 andb k have been obtained, the second displacement vectorĉ k can be obtained likewise. By letting:ĉ
The second differential angle Á 2 can also be obtained fromĉ k Áĉ Ã k À1 . Then the last two bits can be obtained from corresponding decision on Á 2 .
Decision-Directed Carrier Phase Recovery Algorithm
Carrier phase recovery and frequency offset compensation is an essential function in coherent receiver. In contrast to M-PSK and star QAM modulation signal, the traditional M-th power block frequency offset estimation scheme and well-known BViterbi-Viterbi[ carrier phase recovery method can not be applied for square QAM constellation signals directly. In this work, we use the D-D carrier phase recovery algorithm to compensate frequency offset and phase noise simultaneously for square 16-QAM signal.
The block diagram of D-D carrier phase recovery algorithm is illustrated in Fig. 2 . The phase updating rule is given by a recursive formula [15] :
where u is the adaption step-size and eðk Þ is the error signal given by:
where y ðk Þ ¼ x ðk ÞexpðÀjðk ÞÞ is the carrier phase error corrected signal and aðk Þ is the estimation of y ðk Þ by a decision device.
Experiments
The experimental setup for optical generated 60-GHz mm-wave RoF system is illustrated in Fig. 3 Fig. 4(a) ]. Among these carriers, only the central one carries 16-QAM data, and all other sub-carriers, including 1 st -and 2 nd -order sidebands, are pure optical carriers. After amplification and 30-km transmission over SMF, an optical interleaver (33/66-GHz IL) is used to separate the center signal, 1 st -and 2 nd -order sidebands from the original carriers. From one output of the IL, the 1 st -order sidebands are used to generate pure 60-GHz mm-wave for uplink application. From the other output, the center signal and nd -order sidebands are filtered out by an optical bandpass filter (OBPF) to generate 60-GHz RF signal at the photodetector [shown in Fig. 4(b) and (c) ]. After wireless transmission, 60-GHz RF signal is down-converted to IF band by mixing with a 60-GHz free-running LO, and then sampled by a real-time oscilloscope for off-line procession. Carrier phase recovery for square 16-QAM is successfully achieved by utilizing the D-D algorithm, and the constellations before and after recovering are shown in Fig. 3 (ii) and (iii), respectively.
Firstly, we investigated the performance of conventional and differentially encoded square 16-QAM vector signal with and without fiber transmission. Fig. 5(a) shows the BER performance for conventional and differentially encoded 16-QAM with only $2 meters air transmission, while the performance for both 30-km standard single mode fiber and $2 meters air transmission case is shown in Fig. 5(b) . In both measurement cases, neglectable frequency offset between the RF 16-QAM vector signal and LO was introduced by finely controlling the LO frequency at the receiver part when downconverted the RF vector signal. All these BER results show that the performance for conventional and differentially encoded square 16-QAM vector signal is nearly comparable under stable transmission link and optimized receiver, i.e., low phase noise, little carrier frequency offset. Fig. 6 shows the BER performance for differentially encoded square 16-QAM in the case of with only $2 meters air transmission (BTB) and with both 30-km standard single mode fiber and $2 meters air transmission (30 km). At a fixed BER value of $10 À5 , less than 1-dB power penalty after 30-km fiber transmission is observed. Secondly, we studied the performance for conventional and differentially encoded square 16-QAM signals in the present of frequency offset between the RF 16-QAM vector signals and LO at the receiver. Table 1 shows some typical constellations and corresponding BER results before and after frequency offset compensation when different frequency offsets are introduced between the RF 16-QAM vector signals and LO at the receiver. As shown in Table 1 , the constellations can be successfully recovered by applying the D-D carrier phase recovery algorithm. Considering the conventional square 16-QAM signal, constellations recovering and bit error free were obtained by applying the D-D carrier phase recovery algorithm when small frequency offset (i.e., Áf Á T s ¼ 0:04 Â 10 À3 ) between the RF 16-QAM signal and LO occurred. However, when large frequency offset (i.e., Áf Á T s ¼ 2:0 Â 10 À3 ) between the RF 16-QAM signal and LO were introduced at the receiver part, high bit error rate was observed even though the constellations were clearly recovered after frequency offset compensation. This is because that unknown four-fold phase rotation was occurred for the constellation after D-D frequency offset compensation in the case of large frequency offset introduced. The issues of phase ambiguity can also occur when large phase noise exists in the transmission link or the carrier of RF signal is asynchronous with the LO. Those common issues of phase ambiguity in the square constellation QAM signal system can be alleviated by the well-known differentially encoding schemes. As shown in Table 1 (results of differentially encoded 16-QAM), the phase ambiguity problem is successfully tackled by the investigated differentially encoded scheme aforementioned. All the measurements, shown in Table 1 , were carried out in the condition of 30-km fiber and $ 2 meters air transmission and with received optical power of À7 dBm.
Finally, we further investigated the performance of the D-D carrier phase recovery algorithm in frequency offset compensation for differentially encoded square 16-QAM vector signal in 60-GHz mm-wave RoF communication system. By applying the D-D carrier phase recovery algorithm at the receiver, the differentially encoded square 16-QAM signal is able to tolerate frequency offset times symbol rate product up to $ AE1:3 Â 10 À3 at the given BER value of $10 À3 , as shown in Fig. 7 . The adaption-step-size u in equation (4) was optimized to $0.04 at the signal constellation recovering.
Actually, besides the frequency offset, some phase noise is inevitably included in our test, such as the phase noise of the laser, signal phase degeneration in the transmission link, phase fluctuation of the optical generated mm-wave 16-QAM signal induced by the laser linewidth. Therefore, the BER and constellation results in Fig. 6 also verify that the D-D carrier phase recovery algorithm can achieve compensation of frequency offset and carrier phase recovery simultaneously. Additionally, in our case where both optical and wireless channel impairments were converged together, the investigated D-D carrier phase recovery algorithm has been confirmed work well in such opticalwireless systems. 
Conclusion
The frequency purity and phase stability of the optically generated mm-wave signals are challenging research topics because of the stringent requirements of linewidth and intrinsic phase noise of the optical laser source. Therefore, frequency offset compensation and carrier phase recovery in the digital domain can provide a solution to these issues and reduce the complexity and cost significantly in the 60-GHz mm-wave RoF system design, e.g., commonly commercial laser can be employed at the base station to generate radio frequency in the optical domain and high-frequency and precise Phase-Locked Loop devices at the mobile set are not needed. We demonstrated for the first time, a digital signal procession scheme for solving the issues of frequency purity and phase stability of the optically generated mm-wave signals, and mitigating both wireless and optical link impairment in 60-GHz mm-wave RoF systems by utilizing the differentially-encoded scheme combining with D-D carrier phase recovery. Experimental results showed that phase ambiguity wire successfully tackled based on the differentially encoding scheme and frequency offset times symbol rate product Áf Á T s up to $ AE1:3 Â 10 À3 at the given value of BER ¼ $10 À3 was successfully compensated.
